Flurbiprofen acts as a nonselective inhibitor for cyclooxygenases (COX-1 and COX-2), but its impact on hepatic ischemia/ reperfusion (I/R) injury remains unclear. Mice were randomized into sham, I/R and flurbiprofen (Flurb) groups. The hepatic artery and portal vein to the left and median liver lobes were occluded for 90 min and unclamped for reperfusion to establish a model of segmental (70%) warm hepatic ischemia. Pretreatment of animals with flurbiprofen prior to I/R insult significantly decreased serum alanine aminotransferase (ALT), aspartate aminotransferase (AST) and lactate dehydrogenase (LDH), and prevented hepatocytes from I/R-induced apoptosis/necrosis. Moreover, flurbiprofen dramatically inhibited mitochondrial permeability transition (MPT) pore opening, and thus prevented mitochondrial-related cell death and apoptosis. Mechanistic studies revealed that flurbiprofen markedly inhibited glycogen synthase kinase (GSK)-3β activity and increased phosphorylation of GSK-3β at Ser9, which, consequently, could modulate the adenine nucleotide translocase (ANT)-cyclophilin D (CyP-D) complex and the susceptibility to MPT induction. Therefore, administration of flurbiprofen prior to hepatic I/R ameliorates mitochondrial and hepatocellular damage through inhibition of MPT and inactivation of GSK-3β, and provides experimental evidence for clinical use of flurbiprofen to protect liver function in surgical settings in addition to its conventional use for pain relief.
INTRODUCTION
Hepatic ischemia/reperfusion (I/R) injury is a series of complicated cellular events that occur upon restoration of hepatic blood flow after a period of ischemia (1) . The injury could be severe enough to cause a significant morbidity and mortality in two main settings. Firstly, it is associated with liver transplantation and hepatic resections where temporary clamping and unclamping of the vascular inflow takes place (2, 3) . Secondly, it may occur as a consequence of systemic hypoxia or in conditions including hemorrhagic, cardiogenic or septic shock (4) .
Although the topic of hepatic I/R injury has been studied extensively in recent decades, the molecular mechanisms underlying this effect largely remain poorly understood. Hepatic injuries caused by I/R are the result of complex interactions between various inflammatory mediators (5) , among which, cyclooxygenase (COX)-derived prostanoids such as prostacyclin (PGI) and prostaglan din E (PGE) have been shown to play a pivotal role in I/R injury (6, 7) . There are at least two cyclo oxygenase isoenzymes, COX-1 and COX-2 (8) . COX-1 is usually expressed constitutively, while COX-2 is undetectable in most tissues in the physiological condition but is rapidly induced upon pathological insults (9) . Studies have shown that both COX-1 and COX-2 are involved in skeletal muscle and gastric I/R injuries (9, 10) . Furthermore, inhibition of COX-2 by selective inhibitors or gene knock-out leads to a significant reduction in I/R-induced hepatic damage (5, 11, 12) . However, the mechanisms underlying this protective effect are yet to be investigated.
It was interestingly noted that pharmaceutical inhibition of glycogen synthase 3 Meng Guo, 3 Quanxing Wang, 3 and Xueyin Shi 1 kinase (GSK)-3β protects the liver from I/R-induced injury by regulating mitochondrial permeability transition (MPT), a phenomenon relevant to the formation and opening of the MPT pores in the inner mitochondrial membrane (13, 14) . Given the fact that COX-2 regulates the phosphorylation of GSK-3β (15) , it is conceivable that COX-2 may play a role in GSK-3β signaling and in the regulation of mitochondrial function during hepatic I/R injury. Thus, we used flurbiprofen, a nonselective COX-1/COX-2 inhibitor, to further gain insight into the role of COX in mitochondrial function relevant to hepatic I/R injury. Although flurbiprofen is considered conventionally for treatment of acute and chronic pain (16) , it has been suggested recently to have a neuroprotective effect in cerebral ischemia (17, 18) . Therefore, we employed liver I/R injury as a model to dissect the role of flurbiprofen in protecting I/R-induced hepatic injury. Our results demonstrate that flurbiprofen pretreatment protects the liver from I/R-induced injury by increasing GSK-3β phosphorylation and inhibiting MPT induction.
MATERIALS AND METHODS

Materials
Flurbiprofen was purchased from Sigma Chemical Co. (St. Louis, MO, USA). Antibodies for GSK-3β phospho-Ser9 subunit, GSK-3β, COX-1, COX-2, caspase-9 and cytochrome c were purchased from Cell Signaling Technology (CST) (Boston, MA, USA). Antibody for adenine nucleotide translocase (ANT) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-cyclophilin D (anti-CyP-D) was obtained from MitoSciences (Eugene, OR, USA). Anti-caspase-3 was from Millipore (Temecula, CA, USA). Calcium Green-5N probe was from Invitrogen (Carlsbad, CA, USA). All other chemical reagents are in analytic pure grade.
Animals and Surgery
Male 8-wk-old C57BL/6 mice (~22 tõ 25 g) obtained from Sino-British Sippr/BK Lab Animal Ltd. (Shanghai, China) were housed in the SPF condition according to the institutional guidelines. The mice were divided randomly into three groups: (i) sham-operation (Sham) group; (ii) hepatic ischemia/reperfusion (I/R) group; and (iii) flurbiprofenpretreated I/R (Flurb) group. All animals were fasted for 12 h prior to surgery, and anesthetized with pentobarbital (1%, 40 mg/kg) intraperitoneally. A model of segmental (70%) hepatic ischemia was used with minor modifications (19) . Briefly, after a midline laparotomy, all structures in the portal triad (hepatic artery, portal vein and bile duct) to the left and median liver lobes were occluded for 90 min. This method of partial hepatic ischemia prevented mesenteric venous congestion by permitting portal decompression through the right and caudate lobes. Reperfusion was initiated by removal of the clamp. Animals were again anesthetized at different periods after reperfusion and liver biopsies were taken for further evaluation. In the Sham group, mice, in which all structures in the portal triad (hepatic artery, portal vein, and bile duct) to the left and median liver lobes were occluded for 3 to 5 s, followed by placing them on the platform for 90 min to resemble the conditions of experimental mice, were used for controls. In the Flurb group, flurbiprofen (10 mg/kg) was administered in the caudal vein 20 min before ischemia; while in the I/R group, an appropriate volume (3 mL/kg) of vehicle (ethanol: saline, 5:95) was used. Sham mice were injected with same volume of vehicle before laparotomy (the interruption of portal venous blood supply only lasted for 3 to 5 s). Following 2 h or 6 h of reperfusion, the mice were euthanized, and liver and blood samples were collected.
Mitochondria Isolation
Mitochondria isolation was performed by gradient centrifugation as described previously (14, 20) . Briefly, the fresh liver tissues (1 g) were homogenized with 8 mL of isolation buffer (ISA) containing 220 mmol/L d-mannitol, 70 mmol/L sucrose, 10 mmol/L Tris-HCL, 1 mmol/L EGTA and 0.4% bovine serum albumin (pH 7.4). The homogenates were centrifuged at 850g for 10 min to collect supernatants, followed by centrifuging at 10,000g for an additional 10 min. The mitochondrial pellet next was resuspended in a final washing buffer (ISB) containing 220 mmol/L d-mannitol, 70 mmol/L sucrose and 10 mmol/L Tris-HCL (pH 7.4). Protein concentration was determined by biuret method (21) and calibrated with bovine serum albumin.
Western Blot Analysis
The levels for COX-1, COX-2, GSK-3β, phospho-Ser9-GSK-3β, caspase-3 and caspase-9 were determined in liver lysates. Cytochrome c was determined in mitochondrial and cytoplasm extracts. The levels of prohibitin and β-tubulin were evaluated as loading controls for mitochondrial extracts and cytosol extracts, respectively. For protein extraction, liver tissues were homogenized in lysis buffer (Promega, Madison, WI, USA). The homogenates were centrifuged at 850g for 10 min to collect supernatants, followed by centrifuging at 10,000g for additional 10 min. The supernatant (cytoplasmic extract) and pellet (mitochondrial extract) were applied for Western blot analysis. Protein concentration of the extracts was determined by BCA protein assay (Pierce, Rockford, IL, USA). Equal amount of protein extracts was separated on a SDS polyacrylamide gel, and then transferred onto a nitrocellulose membrane (Millipore, Temecula, CA, USA). After incubation with indicated primary antibodies, the blots were probed with a goat anti-rabbit or an anti-mouse secondary horseradish peroxidase (HRP) antibody (Santa Cruz), and developed by the enhanced chemiluminescence (Pierce). The relative amount of each targeted protein was normalized by the ratio with β-actin and analyzed densitometrically using a Gel Pro Analyzer (Media Cybernetics, Silver Spring, MD, USA).
Plasma Biochemical Assays
Mice were euthanized 6 h after reperfusion by decapitation. Blood samples were collected immediately from the heart. Serum levels for alanine aminotransferase (ALT), aspartate aminotransferase (AST) and lactate dehydrogenase (LDH) were determined by a serum autoanalyzer (H-7600; Hitachi Ltd., Tokyo, Japan).
Immunohistochemical Analysis
Livers were fixed with formalin and embedded with paraffin. Hepatocellular necrosis was determined in hematoxylin and eosin (H&E)-stained tissue using a semiquantitative scale by a point counting method as previously described. Briefly, a total of 30 random fields were counted for each H&E-stained tissue sample under high power magnification (400×) in a blinded fashion to determine the percentage of necrotic cells. In this study, only grade 3 injury with disintegration of hepatic cords was counted as necrosis (19) . The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) test was performed using a commercial kit from Roche (Rotkreuz, Switzerland) as instructed. In each section, areas from 10 visual fields (400×) were analyzed for TUNEL-positive cells. The TUNEL index was determined using the following formula: (number of stained cells/number of stained and unstained cells) × 100 (22) .
Electronic Microscopy
Electronic microscopy was performed on isolated mitochondria at the end of the preincubation period (that is, before Ca 2+ loading). Briefly, mitochondrial samples were fixed for 6 h in 2.5% glutaraldehyde and 100 mmol/L phosphate buffer (pH 7.4), and postfixed in 1% osmium tetroxide. calculating the CRC. After sufficient calcium loading, extramitochondrial calcium concentration abruptly increased, indicating a massive release of calcium by mitochondria as a result of MPT pore opening as described previously (24) .
Evaluation of GSK-3β Activity GSK-3β activity was evaluated by promoting the in vitro reaction of phosphorylation of exogenous tau by GSK-3β present in the liver homogenates. To promote the reaction (100 μL), 250 μg of liver homogenates were incubated with 10 ng/mL exogenous tau and 200 μmol/L ATP for 1 h at 30°C. Phosphorylated tau was detected using a Tau (pS199) phosphoELISA kit (Invitrogen) according to the manufacturer's instructions. Lithium chloride (10 mmol/L) was used as an inhibitor of GSK-3β. Samples and standard dilutions were read in a Multiskan FC plate reader (Thermo Scientific, part of Thermo Fisher Scientific, Waltham, MA, USA) at 450 nm.
Immunoprecipitation
Immunoprecipitation (IP) was performed as reported previously (25) . In brief, 1,000 μg of mitochondrial fractions were solubilized by 500 μL of IP buffer (20 mmol/L Tris-HCl [pH 7.4], 1 mmol/L EGTA, 5 mmol/L NaN 3 , 50 mmol/L NaCl, 1 mmol/L PMSF, 50 mmol/L Na 3 VO4, 1% Triton X-100, 0.5% NP-40 and a protease inhibitor cocktail) and preincubated with 50 μL protein G magnetic beads (New England BioLabs, Beverly, MA, USA) for 1 h to remove proteins that can bind nonspecifically to the beads. The supernatant was taken and incubated with antibodies against ANT (Santa Cruz) for 1 h, and the mixture incubated with 50 μL of fresh beads for 1 h. A magnetic field was applied to this IP mixture, and the supernatant was removed. The beads were washed two times using 500 μL of IP buffer, resuspended in 30 μL of SDS sample loading buffer (125 mmol/L Tris-HCl [pH 6.8], 4.3% SDS, 30% glycerol, 10% β-mercaptoethanol, and 0.01% bromophenol blue), and incubated at 70°C for 5 min. Finally, 20 μL of the supernatant was taken after applying a magnetic field to the mixture and was used for immunoblotting with the use of antibodies against ANT and CyP-D. The blots were visualized and quantified as described above.
Statistical Analysis
All data are expressed as mean ± standard deviation (SD). Statistical analysis was carried out with a two-way analysis of variance (ANOVA), and comparisons between tested groups were carried out using the LSD tests. SPSS 10.0 (SPSS Inc, Chicago, IL, USA) was used for the statistical analysis. In all cases, a p value <0.05 was considered to be statistically significant.
RESULTS
Flurbiprofen Pretreatment Reduces I/R-Induced Hepatic Injury
We first sought to determine the effect of flurbiprofen pretreatment on I/Rinduced hepatic injury. To this end, mice were euthanized 6 h after I/R insult. It was noted that I/R insult significantly induced apoptosis (40.6% in I/R versus 11.2% in Sham, p < 0.01) in the liver. Given that late stage of apoptotic cells would undergo necrosis, we therefore further examined necrosis. Indeed, necrosis was noted in 79.0% of hepatocytes in the sections of I/R-insulted mice, while only around 14.8% of cells undergoing necrosis in the sections originated from Sham mice (p < 0.01). Importantly, administration of flurbiprofen prior to (20 min) ischemic insult markedly reduced the percentage of apoptotic (26.2% in Flurb versus 40.6% in I/R, p = 0.01) and necrotic cells (60.0% in Flurb versus 79.0% in I/R, p = 0.01) (Figures 1A-D) . Next, we examined serum ALT and AST in all animals. As shown in Figure 1E , flurbiprofen pretreatment drastically reduced the levels for ALT (U/L, 2752 versus 6785, p < 0.01) and AST (U/L, 2064 versus 5399, p < 0.01) as compared with that of I/R group. To further confirm the above results, we examined LDH, a soluble cytosolic enzyme passively released by necrotic cells. Consistent with the above results, I/R insult significantly increased LDH release (p < 0.01) in the liver as compared with that of Sham controls; however, flurbiprofen pretreatment markedly reduced I/R-mediated LDH release (p < 0.01) ( Figure 1F ). Together, these results suggest that flurbiprofen pretreatment protects mice from I/R-induced hepatic injury.
Flurbiprofen Regulates the Opening of MPT Pores
An important mechanism leading to cell death in hepatic I/R injury is the onset of MPT (26) . Several factors such as GSK-3β, protein kinase A (PKA) and c-Jun N-terminal kinase 2 (JNK2) are known factors to regulate the MPT pore after hepatic I/R insult (14, 26, 27) . However, the role of COX in MPT onset remains unclear. We therefore evaluated the effect of flurbiprofen on MPT pore susceptibility after I/R insult.
We first examined mitochondria morphology by electron microscopy. It was found that mitochondria isolated from I/R animals revealed greater contortion and increased vacuoles than that from mice with flurbiprofen pretreatment, suggesting that mitochondria in Flurb group suffered less damage ( Figure 2) . We next measured MPT pore opening in isolated mitochondria by CRC detection. As shown in Figure 3A , flurbiprofen pretreatment significantly restored the ability of mitochondria to tolerate calcium induction, as compared with that of I/R group. We further applied cyclosporine A (CsA), a well-known inhibitor for CyP-D and a blockade for the opening of MPT pore, to the isolated mitochondria derived from I/R livers. Our data showed that flurbiprofen strongly improved CRC over 2 h and 6 h of reperfusion, and this effect could be enhanced by CsA treatment ( Figures 3B-C) . Since MPT pore opening is an important factor in I/Rinduced cell death, our findings strongly suggest that flurbiprofen may protect the hepatocytes from I/R injury by inhibiting MPT pore opening.
Flurbiprofen Suppresses Cytochrome c Release and Caspase Activation
Given that the opening of MPT pore causes cytochrome c release and caspase activation (28), we then investigated the effect of flurbiprofen on cytochrome c release and caspase activation in I/R injury. It was noted that animals in the I/R group displayed decreased levels for mitochondrial cytochrome c and increased levels for cytosol cytochrome c as compared with that of Sham animals. On the contrary, administration of flurbiprofen prior to I/R insult greatly prevented cytochrome c release (Fig ures 4A-C) . Since the release of cytochrome c is associated with caspase-3 and caspase-9 activation (29), we next analyzed caspase-3 and caspase-9 cleavage by Western blot analysis. As expected, flurbiprofen pretreatment markedly reduced the cleavage of caspase 3 ( Figures 4D-E ) and caspase 9 ( Figures 4D, F) . Taken together, these data suggest that flurbiprofen may play a role to prevent cytochrome c release and caspase activation during I/R injury.
The Effects of Flurbiprofen on GSK-3β and the Interaction of ANT with CyP-D
COX-2 has been shown to regulate the phosphorylation of GSK-3β (15), a pivotal enzyme implicated in MPT regulation (14) . Thus, we assessed the effect of Flurb pretreatment on GSK-3β activity at 2 h and 6 h after I/R injury. I/R livers exhibited increased GSK-3β activity as compared with both Sham and Flurb animals determined by a tau (pS199) phosphoELISA kit ( Figure 5 ). Since phosphorylation of GSK-3β at Ser9 suppresses its enzymatic activity, we thus examined the impact of flurbiprofen on GSK-3β activity. For this purpose, we determined the relative amount of Ser9 phosphorylated GSK-3β by Western blot analysis at 2 h and 6 h after I/R injury ( Figure 6A ). We noticed that I/R insult induced a significant decrease for Ser9 phosphorylated GSK-3β at both time points, while administration of flurbiprofen significantly enhanced Ser9 phosphorylation of GSK-3β ( Figure 6B , p < 0.05). All together, our results suggest that flurbiprofen treatment can inhibit the activity of GSK-3β strongly by suppressing the phosphorylation of GSK-3β at Ser9.
CyP-D is known as a component responsible for triggering MPT opening by its binding to ANT, a major subunit of ANT-CyP-D complex. It has been reported that phospho-GSK-3β-ANT interaction and associated ANT-CyP-D interaction are responsible for suppression of MPT pore opening and myocardial protection after I/R injury (25) . Therefore, we assumed that phospho-GSK-3β-ANT-CyP-D may play a role in flurbiprofen-mediated protective effect on hepatic I/R injury. As shown in Figure 7 , flurbiprofen pretreatment markedly reduced the levels for ANT-CyP-D complex as determined by IP, which could be caused by increased binding of phospho-GSK-3β to ANT as reported previously (25) . Accumulatively, our findings indicate that flurbiprofen may reduce hepatic I/R injury by induction of GSK-3β phosphorylation and suppression of ANT-CyP-D complex formation.
The Effect of Flurbiprofen on COX-1 and COX-2 Expression
Next, we examined the effect of flurbiprofen on COX-1 and COX-2 expressions by Western blot analysis (Figure 8) . Interestingly, we failed to detect a dramatic change for COX-1 levels between animals in I/R and Flurb group (Figure 8B) . However, COX-2 was induced significantly upon I/R insult, while pretreatment of animals with flurbiprofen suppressed COX-2 expression significantly ( Figure 8C ). These results suggest that flurbiprofen protection of hepatic I/R injury is likely through inhibition of COX-2 expression. Therefore, our results provide evidence supporting that the reduced MPT pore opening in animals of the Flurb group could be a consequence of inhibited COX-2 expression.
DISCUSSION
COX, also known as prostaglandin endoperoxide synthases, is an enzyme that catalyzes the oxygenation of arachidonic acid to prostaglandin endoperoxides, which are subsequently converted into prostaglandins. COX-1 is constitutively expressed in many mammalian cells, whereas COX-2 is usually expressed transiently upon induction. COX has been implicated in modulating angiogenesis, vascular function, chronic inflammation and cancer development (30, 31) .
I/R is a common pathophysiological process, and I/R insult induces altered COX-1/COX-2 expression in various organs or tissues such as in the brain, stomach, kidney and skeleton muscle (9) . Studies also have shown that in hepatic I/R injury, both COX-1 and COX-2 contribute to I/R-induced hepatic microvascular and hepatocellular injury (32) . The effect of selective COX-1 inhibitor, SC-560, and selective COX-2 inhibitors, NS-398, celecoxib and FK 3311, as well as COX-2 deficiency have been examined extensively in hepatic I/R injury (5,11, 12,32). However, the effect of flurbiprofen, a nonselective COX-1/COX-2 inhibitor, in hepatic I/R injury is yet to be elucidated.
In the present report, we evaluated the potential role of flurbiprofen in a model of 70% warm hepatic I/R. Our data revealed that administration of flurbiprofen 20 min before ischemia significantly protected mice against I/R-induced hepatic injury as manifested by the reduced cell death (apoptosis and necrosis), decreased release of ALT and AST (Figure 1 ). Our data further suggest that flurbiprofen protects hepatocytes undergoing apoptosis/ necrosis by inhibiting MPT pore opening (Figures 2, 3) . Opening of MPT pores initiates the onset of MPT, which is a causative event leading to apoptosis (transient pore opening) and necrosis (extensive pore opening) in hepatocytes after I/R insult (33) . Our mechanistic studies further support that flurbiprofen pretreatment drastically prevented mitochondrial swelling, improved CRC and thus ameliorated mitochondria damage caused by hepatic I/R insult (Figures 2, 3) . Consistent with these results, the subsequent release of cytochrome c and activation of caspase-3 and caspase-9 were strongly attenuated along with flurbiprofen treatment ( Figure 4 ). These findings provided strong evidence indicating a role for flurbiprofen in the regulation of hepatic I/R injury.
To dissect how flurbiprofen modulates MPT pore opening and mitochondrial function, we examined the phosphorylation of GSK-3β, a possible signaling molecule of COX-2 signaling pathway. It was noted that administration of flurbiprofen prior to I/R insult significantly decreased GSK-3β activity and enhanced phosphorylation of GSK-3β at Ser9 (Figures 5, 6 ). Previous studies demonstrated that Ser9 phosphorylated GSK-3β interacts with regulators of MPT, and limits MPT induction (34, 35) . Therefore, inhibition of GSK-3β phosphorylation can modulate the susceptibility to MPT induction and preserve mitochondrial function after I/R (14) . More importantly, we found that flurbiprofen pretreatment also decreased the formation of ANT-CyP-D complex (Figure 7 ), which could be caused by the increased binding of phospho-GSK-3β to ANT (25) . Thus, our findings indicate that flurbiprofen reduces hepatic I/R injury by suppressing GSK-3β activity and the formation of ANT-CyP-D MPT pore complex. Interestingly, flurbiprofen seems to be more potent in suppressing the expression of COX-2 versus COX-1 upon hepatic I/R insult (Figure 8 ). This result supports the assumption that COX-2 plays a predominant role in the regulation of mitochondrial function in liver I/R injury. Of important note, the previously reported COX inhibitors (sc-560, NS-398, celecoxib and FK3301) have not been reported to be involved in the protection of mitochondrial function (32, 36) . Our data in the current study also demonstrate that mechanisms underlying COX1 or COX2 inhibitors protection of liver I/R injury could be different from that of flurbiprofen, in which sc-560 (a selective COX-1 inhibitor) has been revealed to ameliorate mouse hepatic I/R injury by improving microcirculation and decreasing inflammatory factors such as interleukin family and TNF-α, while FK3311 (a selective COX-2 inhibitor) can protect liver from I/R injury by inhibiting TXA2 and improving microcirculation. Given that I/Rinduced hepatocyte death is a very complicated process, the studies in the report could only address some major mechanistic pathways relevant to this process, additional mechanisms could be involved and are yet to be addressed.
CONCLUSION
In conclusion, flurbiprofen, as a nonsteroidal antiinflammatory drug (NSAID), has been used widely to relieve perioperative pain (16) . Our data in the present report, however, demonstrate a novel function for flurbiprofen, in which it restores mitochondrial function and protects hepatic cells from I/R-induced injury. This discovery possesses important clinical and scientific significance, 
